Objective: To investigate the potential relationship between insulin resistance (IR) and white matter (WM) microstructure using diffusion tensor imaging in cognitively healthy middle-aged and older adults.
Insulin resistance (IR), a central feature of type 2 diabetes mellitus (T2DM), is frequently observed in older adults of the general population. 1 Emerging evidence suggests that insulin and insulin signaling may be involved in the pathophysiology of Alzheimer disease (AD). [2] [3] [4] For example, it has been reported that IR affects accumulation of b-amyloid peptide by inhibiting its degradation via insulin-degrading enzyme and promotes tau hyperphosphorylation through an augmentation of glycogen synthase kinase-3b activity. 2, 5, 6 Neuroimaging studies about the influence of IR on brain in cognitively normal adults have demonstrated that higher IR or insulin levels are associated with regional changes in brain areas affected by early AD, suggesting a role for IR as an important risk factor for AD. [7] [8] [9] [10] However, little is known about the relationship between IR and white matter (WM) integrity.
Diffusion tensor imaging (DTI) allows in vivo assessment of WM tissue microstructure by measuring diffusion properties of water in tissue. 11 The DTI studies have revealed WM alterations in a variety of conditions, such as aging, mild cognitive impairment, and AD. [12] [13] [14] Recent DTI studies in T2DM have shown microstructural WM abnormalities in several brain regions. 15, 16 However, no prior studies have specifically examined how IR may influence WM microstructure, particularly in generally healthy adults. The overall aim of this study was to evaluate the relationship between IR and WM integrity in cognitively healthy middle-aged and older adults using DTI. We hypothesized that greater IR would be associated with regional alterations of WM integrity.
METHODS Participants. A sample of 170 cognitively healthy middle-aged and older adults were recruited through the Massachusetts General Hospital, the local community, and local senior centers; these individuals form part of a longitudinal cohort to evaluate vascular contributions to brain aging. All participants were physically healthy, cognitively intact, and literate with at least a high school education. Participants were excluded if they had major neurologic or psychiatric illnesses, history of stroke, a history of significant head trauma, unstable medical illness, cancer within the nervous system, any history of brain surgery, history of significant substance abuse, or contraindication for MRI scan (e.g., metal in body, pacemakers). Participants with controlled hypertension, dyslipidemia, and/or T2DM were not excluded.
A total of 131 datasets with available IR index were selected from those samples. Four individuals were excluded because of unavailable DTI data (1), insulin therapy (1), or high WM signal abnormality (WMSA) volume (2) . The final sample examined included 127 cognitively healthy middle-aged and older adults (54 men/73 women), aged between 41 and 86 years. One hundred fourteen participants (87.60%) were Caucasian, 11 (8.66%) were African American, and 2 were Asian.
Standard protocol approvals, registrations, and patient consents. The study was approved by the Partners Internal Review Board. All participants provided informed consent.
Clinical assessments. Assessments included ascertainment of medical history as well as general medical, physical, and neurologic examinations. The Mini-Mental State Examination 17 was administered as a measure of global cognitive function.
Overnight fasting blood samples were collected on the day of the MRI session for estimation of glucose, insulin, lipid profiles, and APOE genotype. Serum insulin was measured using electrochemiluminescence immunoassay (Mayo Medical Laboratories, Andover, MA).
IR was evaluated by the homeostasis model assessment of IR (HOMA-IR), which strongly correlates with the euglycemichyperinsulinemic clamp method, the gold standard technique determining insulin sensitivity. 18 HOMA-IR was calculated as follows: fasting serum insulin level (mU/mL) 3 fasting serum glucose level (mg/dL)/405. The participants were divided into 2 groups based on the value of HOMA-IR. We defined the values $2.5 as an insulin-resistant state ("high HOMA-IR" group; n 5 27) and the values ,2.5 as an insulin-sensitive state ("low HOMA-IR" group; n 5 100) according to the threshold value for IR used in a previous study. 19 The threshold value for IR in our study was close to the cutoff of 2.59 derived from a mixture model 20 of 2 Gaussian distributions on HOMA-IR values of the sample.
DTI acquisition. MRI studies were performed on a 3-tesla scanner (Siemens Trio, Erlangen, Germany) using a 12-channel phased-array head coil for reception and body-coil for transmission. The diffusion-weighted images were obtained using single-shot echo planar imaging with a twice-refocused spin-echo sequence 21 : 64 slices, repetition time/echo time 5 7,980/83 milliseconds, 2-mm isotropic voxels (2-mm slice thickness with 0-mm gap), 60 directions at b 5 700 s/mm 2 with 10 volumes at b value 5 0 s/mm 2 , acquisition matrix 5 128 3 128, field of view 5 256 3 256 mm, flip angle 5 90°, and total acquisition time 5 8 minutes, 38 seconds.
DTI preprocessing and Tract-Based Spatial Statistics analysis. Diffusion MRI data were preprocessed using the FMRIB's Diffusion Toolbox, which is a part of the FMRIB's Software Library (FSL) program (http://www.fmrib.ox.ac.uk/fsl, Oxford Centre for Functional MRI of the Brain, Oxford University, UK) (version 4.1.9). The raw DTIs were corrected for eddy currents and head motion by using affine registration to the non-diffusion weighted volumes (b 5 0). The diffusion tensor was calculated by fitting a diffusion tensor model to the preprocessed DTI data, using the DTIfit program included in FSL. The resulting fractional anisotropy (FA), axial diffusivity (DA), and radial diffusivity (DR) were used in voxel-based analyses.
Voxelwise statistical analysis was performed using the Tract-Based Spatial Statistics (TBSS) procedure (version 1.2), 22 part of FSL. 23 TBSS projects all subjects' FA data onto a mean FA tract skeleton, before applying voxelwise cross-subjects statistics. The transformations derived for the FA maps were applied to DA/DR for matched processing of all image volumes.
Atlas-based region of interest analysis. Regions of interest (ROIs) limited to the TBSS skeleton were created using a combination of The Johns Hopkins University WM atlas, available as part of the FSL suite, and the subgyral WM and additional structures created during the T1-based FreeSurfer WM parcellation procedure. 24 The ROI-segmented skeleton was then deprojected from TBSS standard space to each participant's native diffusion volume. Mean values for selected ROI segmentations were then extracted from each participant's native space image.
WMSA volume. Segmentation of WM lesions was performed using the FreeSurfer T1-based whole-brain segmentation, which is documented and freely available online (http://surfer.nmr.mgh. harvard.edu/). 25, 26 Total WMSA (i.e., T1 hypointensities within the WM) volume was calculated to examine the impact on the DTI metrics. WMSA from T1 images has been shown to be correlated with hyperintensity volumes from T2/fluid-attenuated inversion recovery images measured by manual and semimanual measurements. 27 Statistical analysis. Two-sample t tests were used for comparisons of continuous variables between high and low HOMA-IR groups, while categorical variables were compared using the Pearson x 2 tests. Statistical analyses were performed using JMP pro 10.0.0 (SAS Inc., Cary, NC).
Voxel-based DTI analyses were performed using the FSL randomise program. 28 We examined differences in diffusion measures (FA, DA, DR) between the high and low HOMA-IR groups and tested the combined groups for associations between HOMA-IR and FA, DA, and DR with general linear models while statistically controlling for the effects of age, WMSA volume, and antihypertensive medication status. We also controlled for antihypertensive medication status as well as WMSA volume because of the differences of antihypertensive treatment between the high and low HOMA-IR groups (table 1). Correction for multiple comparisons was performed using threshold-free cluster enhancement, with 5,000 permutations. 29 Corrected statistical maps were thresholded at p , 0.05 and thickened from the TBSS skeleton for visualization purposes. Anatomical assignments of voxels of clusters that survived correction for multiple comparisons were performed using the ROI atlases described above. To further determine the interaction between HOMA-IR and age on diffusion measures, we investigated differences in the associations of HOMA-IR and diffusion measures (controlling for age) by age group (middle-aged [younger than 60 years] vs older adults [60 years or older]).
Anatomically based ROI DTI analyses were performed using general linear models to examine group differences in WM microstructure measures controlling for age. Correction for multiple comparisons of anatomical ROI data was achieved using the Holm-Bonferroni method. 30 The p values for these ROI analyses were set at 0.01 (uncorrected) and 0.05 (corrected).
Scatter plots between mean DA and HOMA-IR values were created for the selected WM skeleton ROIs within the corrected significant clusters resulting from the above TBSS voxelwise analysis of high vs low HOMA-IR group comparisons. Six ROIs (body of corpus callosum [CC], right cerebral peduncle, left rostral middle frontal WM, right pars opercularis WM, right precuneus WM, and right superior temporal WM) were selected depending on the significant cluster sizes and considering the anatomical distribution. Because the distribution of HOMA-IR is skewed, values were log-transformed for analysis. Additional linear regression analyses were conducted between log-transformed HOMA-IR and mean DA in the selected 6 ROIs to examine the effects of APOE e4 status and triglyceride levels. Value of p , 0.05 was considered significant if not otherwise specified.
RESULTS Demographic data. Demographic and sample characteristics of all participants are presented in table 1. There were no differences in age, sex, education, Mini-Mental State Examination score, and APOE e4 status between the high and low HOMA-IR groups. Triglyceride concentrations were higher in the high HOMA-IR group than in the low HOMA-IR group. As expected, the high HOMA-IR group had greater use of antihypertensive and oral hypoglycemic medications than the low HOMA-IR group. 
Comparisons of DTI indices between the high and low
HOMA-IR groups. Voxelwise TBSS analyses. The high HOMA-IR group had significantly lower FA than the low HOMA-IR group, independent of age, WMSA volume, and antihypertensive medication usage, in the body and genu of CC and parts of the superior and anterior corona radiata ( figure 1A) . Individuals with high HOMA-IR had significantly lower DA in widespread cerebral WM regions compared with individuals who had low HOMA-IR. The greatest differences were in regions such as the CC, corona radiata, left posterior thalamic radiation, right cerebral peduncle, frontal WM, parietal WM (particularly right hemisphere), and temporal WM ( figure 1A and table 2 ).
There were no regions showing higher FA/DA in the high HOMA-IR group than in the low HOMA-IR group. DR did not exhibit voxelwise differences between the high and low HOMA-IR groups. Results for DA demonstrated DA differences (lower DA in the high HOMA-IR group) in the body of CC, bilateral cerebral peduncle, frontal WM, right precuneus WM, right temporal WM, brainstem, and left ventral diencephalon (uncorrected p , 0.01; corrected p , 0.05 for right cerebral peduncle; table e-1). In addition, results for DR revealed lower DR of the right PLIC in the high HOMA-IR group than in the low HOMA-IR group (corrected p , 0.05; table e-1).
Association between HOMA-IR and DTI indices across all participants: Voxelwise TBSS analyses. We analyzed voxelwise TBSS associations between HOMA-IR and DTI measures in the entire sample to investigate the overall relationship independent of group.
Lower DA was significantly associated with higher HOMA-IR index in several areas throughout the cerebral WM. Most areas with significant associations overlapped with the areas where lower DA was observed in the high compared with the low HOMA-IR group, including strong effects in the CC, but involved slightly more frontal WM (figure 1B, table e-2). There was a marginal association between HOMA-IR and FA in the areas of the body and genu of CC, bilateral superior corona radiata, and left anterior corona radiata (p , 0.1; table e-2), corresponding to the areas where lower FA was observed in the high HOMA-IR group.
There were no significant positive associations between HOMA-IR and DA/FA. In addition, DR did not show a significant association with HOMA-IR. 
Continued
Scatter plots demonstrating the relationship between mean DA and log-transformed HOMA-IR in 6 selected ROIs are presented in figure 2. Mean DA was extracted from clusters of corrected significant voxels resulting from the TBSS maps of group comparisons ( figure 1A) . These relationships between mean DA and HOMA-IR remained after correcting for APOE e4 status (p , 0.05; table e-3). Among metabolic characteristics, there were differences of triglyceride levels between the high and low HOMA-IR groups (table 1). We therefore also statistically corrected for the effect of triglyceride, and the relationships remained unchanged (p , 0.05; table e-3).
Interaction between age group (middle-aged vs older) and
HOMA-IR on diffusion measures. There were marginal differences in the associations of HOMA-IR with FA and DR between the middle-aged (younger than 60 years) and older (60 years or older) adults (p , 0.1, controlling for age) in parts of the CC and anterior cerebral WM. However, there were no significant age group differences in the associations between HOMA-IR and DA, demonstrating that the associations between HOMA-IR and DA were not strongly attributable to effects of aging-associated alterations in WM integrity. DISCUSSION The results of this study demonstrate that in generally healthy middle-aged and older adults, higher indices of HOMA-IR are associated with alterations in diffusional properties expressed as a lower DA value. The regions that demonstrated most significant associations between DTI indices and HOMA-IR included the CC, corona radiata, several other WM fiber tracts such as posterior thalamic radiation, frontoparietal WM, and temporal WM (figure 1). These findings of an association between WM microstructure and HOMA-IR contribute to a growing literature demonstrating a potential influence of IR on the brain. [7] [8] [9] [10] Prior neuroimaging studies demonstrated that higher IR or insulin levels were associated with reduced cerebral glucose metabolic rate in frontal, parietotemporal, and cingulate regions in cognitively normal adults with prediabetes/T2DM, 7 progressive atrophy in medial temporal lobe, prefrontal cortices, and precuneus among late middle-aged participants, 8 and reduced hippocampal volume or disrupted default mode network-hippocampal functional connectivity among middle-aged women at risk of AD. 9, 10 These imaging studies suggest that regional changes associated with AD may be in some way linked to IR. Our study using TBSS demonstrated DA differences (lower DA in the high HOMA-IR group) between the high and low HOMA-IR groups in the widespread cerebral WM with the most prominent differences observed in the CC (figure 1A, table 2) while lower DA was associated with higher HOMA-IR in the same regions as those showing significant group differences (figure 1B, table e-2). Prior DTI analyses of individuals with AD have demonstrated diffusion parameter changes in parahippocampal gyrus, posterior cingulum, posterior temporoparietal WM, and splenium, as well as fornix, uncinate fasciculus, and superior and inferior longitudinal fasciculi. 13, 14, 31, 32 Although the current study revealed WM microstructural alterations (by DA) in multiple brain regions (e.g., frontal and parietal WM), the most prominent associations (overlap of FA and DA differences) were found in the middle portion of CC and some connection fibers in the anterior cerebral WM. These findings in generally healthy adults therefore do not support other imaging studies in which IR may be a potential biomarker for AD risk through mechanisms based on patterns of AD-associated pathology. To verify our results showing differences with other studies, 7-10 the spatial patterns of WM microstructural alterations associated with IR need to be replicated in different samples.
In the current study, we investigated the effect of IR on the diffusion parameters of FA, DA, and DR. Associations were strongest between HOMA-IR and DA. Only modest or little associations were found between HOMA-IR and FA/DR. It has been proposed that axonal damage has an effect on DA, whereas an increase in DR is more associated with demyelination. 33 In our results, strong associations between HOMA-IR and DA might suggest changes in axonal properties. However, the interpretation of variation in specific diffusion parameters is still speculative in human studies. In addition, similar to the results reported here, some studies in AD have demonstrated more extensive differences in DA than FA. 32, 34, 35 Our results also support findings of other studies that diffusivity measures such as DA might be more sensitive in capturing WM microstructural changes than FA of the most frequently used DTI index.
To compare with voxelwise analyses, we performed a separate ROI approach using an anatomically based WM atlas. In the ROI analyses, DA comparisons between the 2 groups were similar to those of voxelwise analyses. However, an unexpected result of higher FA and lower DR in the high HOMA-IR group than in the low HOMA-IR group was found in the right posterior limb: the opposite directions with most of other WM measured. It is possible that such a result could be due to deterioration of fibers crossing the posterior limb. However, the etiology and significance of this result are currently unclear.
APOE-related differences have been described for insulin metabolism in AD, and a stronger effect of diabetes and hyperinsulinemia on the risk of AD in the APOE e4 noncarriers has been reported. 36, 37 We Scatter plots demonstrating the association between mean DA and HOMA-IR values
Mean DA was extracted within clusters resulting from the Tract-Based Spatial Statistics maps (p , 0.05, corrected for multiple comparisons, controlling for age, WM signal abnormality volume, and antihypertensive medication status) demonstrating high vs low HOMA-IR group comparisons ( figure 1A) . White circles indicate individuals on antihypertensive medication, and black circles indicate individuals not on medication. The vertical reference dotted line depicts the cutoff between low and high HOMA-IR levels. DA 5 axial diffusivity; HOMA-IR 5 homeostasis model assessment of insulin resistance; WM 5 white matter.
therefore explored whether APOE e4 status influenced relationships between IR and DTI parameters. These analyses demonstrated that APOE e4 status did not significantly influence the relationship between IR and WM microstructural measures in our sample of generally healthy adults (table e-3) . This is a cross-sectional study limited to a sample of generally healthy subjects, and direct causal link between IR and WM tissue integrity could therefore not be concluded from these results. Further work examining associations between IR and WM microstructure in individuals with degenerative disease as well as longitudinal and interventional studies with management in individuals with higher IR will be important to contrast with the current results and help to clarify whether IR has a direct influence on WM tissue integrity.
This study reveals that within a sample of cognitively healthy middle-aged and older adults, IR is associated with alterations of WM structural integrity, independent of age, WMSA volume, and antihypertensive medication status. These results may provide essential information and guide future work toward optimal clinical management of IR regarding neural health in older adults.
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